Introduction
Osteogenesis imperfecta is an inherited connective disorder that is mainly characterized by increased bone fragility, short stature, and blue or grey sclera. The condition may also be associated with hearing loss, dentinogenesis imperfecta, and scoliosis (1, 2) . OI has a wide-ranging clinical spectrum, with type I being the mildest form, types III and IV being more severe forms, and type II usually being lethal (1, 3) . Mutations in the COL1A1 and COL1A2 genes encoding pro-α1 and pro-α2(I) chains of type I procollagen are present in the large majority of patients with a typical OI phenotype (4, 5) . Missense mutations are the most common, and especially glycine substitutions in the helical regions of the pro-α1(I) and pro-α2(I) chains.
Mutations in COL1A1 and COL1A2 can also lead to Ehlers-Danlos syndrome types VIIA and VIIB when they affect exon 6 of either gene (6, 7) . Mutations in this region can impede the cleavage of N-proteinase and the normal interhelical cross-linking of collagen fibers (8, 9) . Individuals affected by such mutations usually suffer from bilateral hip dislocation and severe joint hypermobility (4, 7) .
A few patients with OI/EDS overlap syndrome have been described as having the clinical symptoms of both OI and EDS with different levels of joint laxity, skin hyperextensibility, atrophic scars, and easy bruising (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . OI/EDS phenotypes can be caused by mutations affecting the amino-terminal portion of the collagen type I triple helix with some apparent genotype-phenotype correlation. Patients with mutations that affect the most N-terminal portion of the triple helix, such as exon 7 skipping and p.Gly13Asp substitution, present with relatively mild OI and more severe EDS, whereas individuals harboring mutations in exon 11 (such as p.Gly88Glu in COL1A1) have more severe OI and a milder EDS phenotype (8) . Described here is a Chinese man with OI/EDS overlap syndrome with a heterozygous mutation affecting the N-terminal portion of the proα1(I) triple helical domain.
Subjects and Methods

Patient
On examination at the age of 30 years, the patient weighed 28 kg, was 120 cm in height, and had a head circumference of 60 cm. His first femoral fracture had occurred no more than 20 days after birth. He could not walk until he was 7 years old and he had experienced more than 60 fractures during his life. Most of these were bilateral femoral fractures; fractures to the upper limbs and tibiae were less frequent.
The patient's facial features included an oval-shaped face, protuberant eyes and jaw, grayish-blue sclerae, and tooth loss. Severe kyphoscoliosis was present, and both radial heads were dislocated ( Figure 1A He had a prominent, asymmetric thorax and respiratory distress, which limited his ability to walk. His hearing and vision were normal.
The patient had a Beighton score of 6, but he could not put his hands flat on the floor or bend either elbow backwards due to radial head dislocation and bone deformities. The tourniquet test was positive. X-ray radiography indicated that long bones of the lower limbs were deformed ( Figure 1E ) and that the heads of both radii were dislocated ( Figure 1F ).
Methods
This study was conducted in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. This study was approved by the Ethical Committee of the Shandong Medicinal Biotechnology Center, and informed consent was obtained from the patient. Blood was collected from the patient, his mother, and three of his four sisters after their informed consent was obtained. The patient's medical history and radiographs were obtained from hospital records.
Genomic DNA was extracted using the E.Z.N.A. A total of 65 PCR reactions were performed to cover the entire coding regions, intron-exon boundaries, and flanking intronic sequences of COL1A1 and COL1A2 (22) . PCR products were subjected to direct DNA sequencing (Beijing Genomics Institute, Qingdao, China). Genetic variations were analyzed with the software Mutation Surveyor 4.0 (SoftGenetics LLC, State College, PA, USA) using the human osteogenesis imperfecta variant database. The following software was used to assess the potential effect of a mutation on functional changes: Polyphen; Align GVGD, SIFT Human Coding SNPs, and RESCUE-ESE. A skin biopsy sample was obtained from the proband, fixed in 2.5% glutaraldehyde, post-fixed in 1% OsO 4 , and stained with 2% uranyl acetate. After dehydration, the specimen was embedded in Spurr's plastic resin. Thin sections (60 nm) were cut and placed on formvar-coated grids and then counterstained with 7% methanolic uranyl acetate and lead citrate. The stained grids were viewed with a transmission electron microscope (JEOL-1200ES, Japan Spectroscopic, Tokyo, Japan) and images were photographed. The diameter of collagen fibers was determined using the software Image-Pro Plus 6.0.
Figure 1. Clinical and radiographic features of the patient. (A),
The patient presented with an oval face, protuberant eyes, a short thorax, distinctive thoracic asymmetry, and dislocation of both radial heads; (B), Severe kyphoscoliosis; (C), Skin hyperextensibility; (D), Dislocation of the interphalangeal joints; (E), The femoral neck was thick and short, both femoral shafts were irregular, and tibial and fibular shafts on both sides were slender with expanded ends; (F), Bone structures were thin on both sides of the elbow, with some expansion at the epiphysis. The olecranon process was small, and subluxation of the elbow was also present. (4, 15, 17, 20) .
The current study reported on a Chinese man with OI/ EDS overlap syndrome who presented with the typical features of severe OI. He also has marked ligamentous laxity, joint hypermobility, and skin hyperextension. These features were more severe than what is usually seen in OI and are compatible with a diagnosis of EDS.
The current authors previously identified a heterozygous p.Gly224Asp mutation in COL1A1 and submitted it to the OI mutation database (13, 14) . This mutation is located in the anchor domain of type I collagen. Besides this mutation, a c.3733G>A (pval1245Met) variation in the COL1A2 gene was also noted, though this was later excluded by the Exome Aggregation Consortium (ExAC) browser. A mutation of p.Gly224Asp in COL1A1 was noted by Liu et al., who regarded a patient with this mutation as having OI type I (23) . The anchor domain consists of the first 85
Results and Discussion
Sequencing revealed a heterozygous c.671G>A (p.Gly224Asp) in exon 9 of COL1A1 in the patient but not in his family members (Figures 2A and 2B) . Polyphen, Align GVGD, and SIFT analyses predicted that this substitution would have a damaging effect.
Transmission electron microscopy revealed irregularly arranged thin collagen fibers ( Figure 2C) . Quantification of the diameter of the collagen fibers revealed that they were significantly thinner in the patient compared to those in the healthy controls ( Figure 2D) .
Previously reported COL1A1 mutations associated with OI/EDS overlap syndrome mostly result from glycine substitutions in the aminoterminal portion of the triple helical domain (Table 1 ), but three Y-position substitutions of arginine by cysteine, alanine by valine, and one C-propeptide mutation have also been reported residues of the helical region (residues 179 to 263 of the alpha 1 chain of procollagen type I) and is essential for the correct folding and stability of the N-terminal end of the triple helix. Therefore, mutations in this domain usually lead to the unfolding of the helix and an abnormal conformation of the N-propeptide cleavage site. Hence, N-propeptide processing by procollagen I N-proteinase is delayed, leading to defective collagen crosslinking and thus the EDS phenotype (9) . Direct evidence for a defective collagen structure was found in a skin biopsy specimen that also had collagen fibers with a thin diameter. These changes may contribute to the clinical observation of very thin and velvety skin.
The glycine to aspartate change that was found in the current patient introduces a charged amino acid that presumably leads to severe disruption of the triple helix. This may explain why the current patient had more severe bone fragility than a previously reported individual with a glycine-to-cysteine substitution at codon 224, which was associated with an OI type I phenotype (24) . A glycine to aspartic acid change in exon 6 to 11 has been noted in phenotypes of both OI and OI/EDS overlap syndrome. Severe and moderate phenotypes are more prevalent than a mild phenotype in patients with OI (13, 14) .
In conclusion, this report describes a man with OI/ EDS overlap syndrome caused by a novel heterozygous p.Gly224Asp mutation in COL1A1. These findings have expanded the genotypic spectrum of the OI/EDS overlap syndrome. 
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